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QCDとカイラル対称性

カイラル摂動論
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- 核子を含む理論への拡張と核力
- 理論の構成方法

- 対称性とその役割
- カイラル対称性とハドロン物理
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� とハドロン物理Λ(1405)
導入

 ：クォーク模型で記述できない、エキゾチック構造？Λ(1405)

: 実験

 Λ(1405)

: 理論
N. Isgur and G. Karl, Phys. Rev. D18, 4187 (1978)

 散乱の詳細な解析が必要K̄N-πΣ

不足している要素：散乱中の共鳴状態
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カイラル動力学による� の記述Λ(1405)
導入

カイラル動力学：メソン・バリオン散乱振幅 �T
T. Hyodo, D. Jido, Prog. Part. Nucl. Phys. 67, 55 (2012)

- 核力のカイラル有効場の理論と本質的に同じ

= +

カイラル摂動論
�T �V �T�V

- 散乱データの解析を行い散乱振幅を決定

最近の解析
Y. Ikeda, T. Hyodo, W. Weise, PLB 706, 63 (2011); NPA 881 98 (2012)

- � 共鳴の極（固有エネルギー）を決定Λ(1405)
- 結果はPDG（Particle Data Group）に採用
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核力
導入

核力とは
- 原子核を自己束縛させる”強い力”：原子核物理の基礎
- 複雑なQCDのダイナミクスを反映

特徴
- 到達距離は � のコンプトン波長程度π

- 短距離で斥力芯

- 中心力以外にテンソル力やLS力を持つ

d ∼
ℏ

mπc
∼ 1.4 fm

—> 原子核密度の飽和性

N. Ishii, S. Aoki, T. Hatsuda, Phys. Rev. Lett. 99, 022001 (2007)

Nuclear Force from Lattice QCD
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The nucleon-nucleon (NN) potential is studied by lattice QCD simulations in the quenched approxi-
mation, using the plaquette gauge action and the Wilson quark action on a 324 [’!4:4 fm"4] lattice. A NN
potential VNN!r" is defined from the equal-time Bethe-Salpeter amplitude with a local interpolating
operator for the nucleon. By studying the NN interaction in the 1S0 and 3S1 channels, we show that the
central part of VNN!r" has a strong repulsive core of a few hundred MeV at short distances (r & 0:5 fm)
surrounded by an attractive well at medium and long distances. These features are consistent with the
known phenomenological features of the nuclear force.

DOI: 10.1103/PhysRevLett.99.022001 PACS numbers: 12.38.Gc, 13.75.Cs, 21.30.Cb

More than 70 years ago, Yukawa introduced the pion to
account for the strong interaction between the nucleons
(the nuclear force) [1]. Since then, an enormous amount of
energy has been devoted to understand the nucleon-
nucleon (NN) interaction at low energies both from theo-
retical and experimental points of view. As shown in Fig. 1,
phenomenological NN potentials are thought to be char-
acterized by three distinct regions [2,3]. The long range
part (r * 2 fm) is well understood and is dominated by the
one-pion exchange. The medium range part (1 fm & r &
2 fm) receives significant contributions from the exchange
of multipions and heavy mesons (!, !, and "). The short
range part (r & 1 fm) is empirically known to have a
strong repulsive core [4], which is essential not only for
describing the NN scattering data, but also for the stability
and saturation of atomic nuclei, for determining the maxi-
mum mass of neutron stars, and for igniting the type II
supernova explosions [5]. Although the origin of the re-
pulsive core must be closely related to the quark-gluon
structure of the nucleon, it has been a long-standing open
question in QCD [6].

In this Letter, we report our first serious attempt to attack
the problem of nuclear force from lattice QCD simulations
[7]. The essential idea is to define a NN potential from the
equal-time Bethe-Salpeter (BS) amplitude of the two local
interpolating operators separated by distance r [8]. This
type of BS amplitude has been employed by CP-PACS
collaboration to study the ## scattering on the lattice [9].
As we shall see below, our NN potential shows a strong
repulsive core of about a few hundred MeV at short dis-
tances surrounded by an attraction at medium and long
distances in the s-wave channel.

Let us start with an effective Schrödinger equation ob-
tained from the BS amplitude for two nucleons at low
energies [9,10]:

 # 1

2$
r2%! ~r" $

Z
d3r0U!~r; ~r0"%! ~r0" % E%! ~r"; (1)

where $ & mN=2 and E is the reduced mass of the nu-
cleon and the nonrelativistic energy, respectively. For
the NN scattering at low energies, the nonlocal potential
U is represented as U! ~r; ~r0" % VNN! ~r;r"&! ~r # ~r0" with
the derivative expansion [2]: VNN % VC!r" $ VT!r"S12 $
VLS!r" ~L ' ~S$ O!r2". Here S12 % 3! ~"1 ' r̂"! ~"2 ' r̂" # ~"1 ' ~"2

is the tensor operator with r̂ & j ~rj=r, ~S the total spin
operator, and ~L & # i~r ( ~r the relative angular momen-
tum operator. The central NN potential VC!r", the ten-
sor potential VT!r", and the spin-orbit potential VLS!r"
can be further decomposed into various spin-isospin chan-
nels, e.g., VC!r" % V1

C!r" $ V"C !r" ~"1 ' ~"2 $ V'C!r" ~'1 ' ~'2 $
V"'C !r"! ~"1 ' ~"2"! ~'1 ' ~'2". In the phenomenological analysis
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FIG. 1 (color online). Three examples of the modern NN
potential in the 1S0 (spin singlet and s-wave) channel: CD-
Bonn [17], Reid93 [18], and AV18 [19] from the top at r %
0:8 fm.

PRL 99, 022001 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
13 JULY 2007
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核力を記述するアプローチ
導入

現象論的核力

カイラル有効場の理論（Effective Field Theory, EFT）

S. Aoki et al., PTEP 2012, 01A105 (2012)

E. Epelbaum, H.W. Hammer, U.G. Meissner, Rev. Mod. Phys. 81, 1773 (2008);
R. Machleidt, D.R. Entem, Phys. Rept. 503, 1 (2011)

R.B. Wiringa, V. G. J. Stoks, R. Schiavilla, Phys. Rev. C 51, 38 (1995);
R. Machleidt, Phys. Rev. C 63, 024001 (2001)

格子QCD

- ポテンシャルの関数で格子データをfit

- 理論に基づいたポテンシャルで実験データをfit

- 実験データのないチャンネルに拡張可能

- 現実的な精度（ � ）を達成χ2 ∼ 1
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カイラルEFTの特徴
導入

QCDのカイラル対称性を尊重している
- 長距離は � 交換で記述π

３体力は２体力と同じ枠組みで構成

⇡

N

N

N

N

<latexit sha1_base64="DCyxq23JaTGzklGfxpzR7QbuEXQ="></latexit>

- 短距離パラメーターは実験で決定
短距離部分は接触相互作用

N

N

N

N

<latexit sha1_base64="2JxMzlknmFW0c08lbxcwGPrGneE="></latexit>

- 精度を系統的に改良できるmentation of the momentum-space cutoff in the
Schrödinger equation and the treatment of relativistic
effects. More precisely, the work by EGM is based on
the “relativistic” Schrödinger and Lippmann-Schwinger
equation, a natural extension of the usual nonrelativistic
equations utilizing the relativistic relation between the
CMS energy and momentum !see Friar "1999# for more
details$. This equation can be straightforwardly general-
ized to the case of several nucleons !see Witała et al.
"2005 #; Lin, Elster, Polyzou, and Glöckle "2008#; and Lin,
Elster, Polyzou, Witała, and Glöckle "2008# for recent
studies of relativistic effects in 3N observables$ and can
also be cast into equivalent nonrelativisticlike forms
"Kamada and Glöckle, 1998; Friar, 1999# "provided the
potential is appropriately modified#. On the other hand,
the analysis of Entem and Machleidt "2003a# uses the
static 1!-exchange potential and the 1/m and 1/m2 cor-
rections to the 2!-exchange potential from Kaiser et al.
"1997# and Kaiser "2000a#, where no particular dynami-
cal equation is specified. Further differences between
the EGM and EM analyses result from the fitting proce-
dure: the LECs accompanying the contact interactions
were determined by EM and EGM by fitting directly to
the scattering data and to the Nijmegen PWA "Stoks et
al., 1993; Rentmeester et al., 1994#. For this reason,
EGM adopted the same treatment of IB effects as fol-
lowed by the Nijmegen group and did not include, e.g.,
the leading IB contributions to the 2!-exchange poten-
tial. Perhaps, the most important difference between the
two studies is related to the estimation of the theoretical
uncertainty. In the work by EGM, the theoretical uncer-
tainty was estimated by varying the cutoffs in the
Schrödinger equation and the spectral function repre-
sentation for the 2!-exchange potential restricted by the
condition that the resulting LECs are of a natural size
which might be viewed as a self-consistency check for
calculations carried out within the power counting
scheme based on naive dimensional analysis !see Beane
et al. "2000# and Epelbaum "2006a#$. Notice further that
at NLO and N2LO the strengths of various contact in-
teractions are well understood in terms of resonance
saturation on the basis of phenomenological one-boson
exchange models "Epelbaum, Meißner, Glöckle, and El-
ster, 2002#. No serious attempt to provide a realistic er-
ror estimation was done in the analysis of EM. On the
other hand, their work clearly demonstrates that for a
particularly chosen regularization prescription it is even
possible to accurately describe two-nucleon scattering
data for Elab" 200 MeV. For further technical details,
results for various scattering observables and the prop-
erties of the deuteron, see the original publications "En-
tem and Machleidt, 2003a; Epelbaum, Glöckle, and
Meißner, 2005 # and the review article "Epelbaum,
2006a#.

To illustrate the convergence of the chiral expansion
for NN phase shifts, we show in Fig. 17 the results for
the 1S0 partial wave at NLO, N2LO "Epelbaum et al.,
2004b#, and N3LO "Epelbaum, Glöckle, and Meißner,
2005 #. We emphasize that the variation in the cutoff at

both NLO and N2LO only shows the effects of missing
N3LO contact interactions. It, therefore, does not pro-
vide a realistic estimation of the theoretical uncertainty
at NLO !see Epelbaum "2006a# for an extended discus-
sion$.

Applications to the three-nucleon system have so far
been carried out up to N2LO. At NLO, no 3NF needs to
be taken into account. This allowed for a parameter-free
predictions of various 3N scattering observables at low
energies as well as for the triton and #-particle binding
energies "Epelbaum et al., 2001#. Using the most recent
version of the NLO potential based on the spectral func-
tion regularization, one finds at NLO "Epelbaum, 2006a#
B3H=7.71–8.46 MeV and B4He=24.38–28.77 MeV to
be compared with the experimental values B3H
=8.482 MeV and B4He=28.30 MeV. These numbers are
similar to the ones obtained in Epelbaum et al. "2001#
within the framework based on dimensional regulariza-
tion.

At N2LO one, for the first time, has to take into ac-
count the corresponding 3NFs. The two LECs D and E
entering the expressions for the 3NF in Eq. "2.22# have
been determined by fitting the 3H binding energy and
either the nd doublet scattering length "Epelbaum,
Nogga, Glöckle, Kamada, Meißner, and Witała, 2002#,
the 4He binding energy "Nogga et al., 2006#, or the prop-
erties of light nuclei "Navratil et al., 2007#. Notice that
the !NNNN vertex entering the 1!-exchange-contact
3NF also plays an important role in processes with a
completely different kinematics such as, e.g., the pion
production in the NN collisions "Hanhart et al., 2000#
!see Sec. II.E or weak reactions such as pp→de+$e and
Nakamura "2008#, and references therein$. This offers
the possibility to extract the corresponding LEC from
these processes !see Nakamura "2008#, for a recent at-
tempt$. With the LECs being determined as described
above, the resulting nuclear Hamiltonian can be used to
describe the dynamics of few-nucleon systems. In par-
ticular, 3N continuum observables offer a natural and
rich testing ground for the chiral forces. In Epelbaum et
al. "2001#, Epelbaum, Nogga, Glöckle, Kamada, and
Meißner "2002#, Epelbaum, Nogga, Glöckle, Kamada,
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FIG. 17. "Color online# Neutron-proton 1S0 partial wave at
NLO "dashed band#, N2LO "light-shaded band#, and N3LO
"dark-shaded band# in comparison with the Nijmegen "Stoks et
al., 1993; Rentmeester et al., 1994# "filled circles# and Virginia
Tech "Arndt et al., 2009# "open triangles# PWA.

1796 Epelbaum, Hammer, and Meißner: Modern theory of nuclear forces

Rev. Mod. Phys., Vol. 81, No. 4, October–December 2009

        LO -> NLO -> N2LO -> N3LO -> N4LO

- 理論の不定性の見積もりが可能

低エネルギー展開に基づいている

E. Epelbaum, H.W. Hammer, U.G. Meissner, Rev. Mod. Phys. 81, 1773 (2008)
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関連する研究
導入

メソン交換模型による� 相互作用と準束縛状態NΩ(J = 2)

- 格子QCDデータで短距離を決定
- 準束縛状態が存在

- メソン交換＋短距離接触相互作用
T. Sekihara, Y. Kamiya, T. Hyodo, Phys. Rev. C 98, 015205 (2018)

TAKAYASU SEKIHARA, YUKI KAMIYA, AND TETSUO HYODO PHYSICAL REVIEW C 98, 015205 (2018)

TABLE V. Parameters Cn for an equivalent local N! interaction. Other quantities in Eq. (56) are fixed as " = 1 GeV and mn = n ×
(100 MeV).

n A B C box "#(3D2 + 1D2) box $#(3D2 + 1D2) box "#∗ Total

1 0.02 0.06 0.07 − 0.04 + 0.00i − 0.01 + 0.00i 0.04 0.14 + 0.00i

2 − 2.37 − 6.21 − 6.48 4.67 − 0.19i 0.93 + 0.05i − 4.30 − 13.76 − 0.14i

3 57.03 160.19 131.39 − 121.94 + 5.34i − 24.01 − 1.24i 104.15 306.81 + 4.10i

4 − 556.75 − 1680.33 − 1021.60 1304.16 − 59.70i 251.48 + 12.83i − 1026.45 − 2729.49 − 46.87i

5 2699.73 8765.95 3548.93 − 6980.93 + 287.70i − 1313.42 − 62.87i 5024.22 11744.48 + 224.83i

6 − 7052.95 − 24755.80 − 5159.25 20223.50 − 534.01i 3719.98 + 167.01i − 13263.90 − 26288.42 − 367.01i

7 10055.50 38369.80 667.40 − 31881.20 + 69.44i − 5772.02 − 262.54i 19118.60 30558.08 − 193.09i

8 − 7304.99 − 30596.40 5175.64 25509.10 + 685.14i 4577.55 + 227.55i − 14091.70 − 16730.80 + 912.69i

9 2096.47 9776.40 − 3446.89 − 8069.25 − 460.13i − 1442.98 − 81.38i 4138.10 3051.85 − 541.51i

We show in Fig. 9 the equivalent local N!(5S2) potential in
coordinate space Vlocal(r) together with the contribution from
the contact term VC. From the figure, we confirm that the strong
attraction in the N!(5S2) interaction originates from the con-
tact term VC while other contributions give moderate attraction.
The interaction range in Fig. 9 is consistent with the effective
range ∼ 0.7 fm obtained from the scattering amplitude fS .

VI. CONCLUSION

In this study we have investigated the N!(5S2) interaction
based on a baryon-baryon interaction model with meson
exchanges. The long-range part has been composed of the
conventional mechanisms: exchanges of η and “σ ,” i.e., cor-
related two mesons in the scalar-isoscalar channel. The short-
range part has been represented by the contact interaction. In
addition, we have taken into account inelastic channels "#,
$#, and "#(1530) which couple to the N!(5S2) system via
K exchange. The inclusion of the open channels, "# and $#,
is important to describe the absorption effects in the physical
N! system. The unknown strength of the contact interaction
was determined by fitting the scattering length of the HAL
QCD result at the nearly physical quark masses.
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FIG. 9. Equivalent local N! potential in coordinate space
Vlocal(r). The contribution from the contact term VC is also shown
for comparison. The inset represents an enlarged figure.

The constructed N!(5S2) interaction was used to calculate
the observable quantities at the physical point, including the
absorption effects. For the N!(5S2) scattering, we have ob-
tained the scattering length a = 5.3 − 4.3i fm and the effective
range reff = 0.74 + 0.04i fm. The larger magnitude of the
scattering length than the effective range indicates that the N!
interaction is close to the unitary limit, and the positive real part
indicates the existence of a shallow quasibound state below the
threshold. Indeed, in searching for the pole of the scattering
amplitude, we have found that the N!(5S2) quasibound state
is generated with its eigenenergy 2611.3 − 0.7i MeV, which
corresponds to the binding energy 0.1 MeV and the width
1.5 MeV. When the imaginary part of the interaction is
switched off, we obtain a bound state at 2611.0 MeV. Thus,
the imaginary part primarily induces the decay width, and
slightly reduces the binding energy. The main decay mode is
"#, owing to the larger KN" coupling than KN$ coupling.
For the p!− bound state, the attractive Coulomb interaction
further adds a shift of ∼ +1 MeV both to the binding energy
and decay width. The spatial size of the N! bound state will
largely exceed the typical size of baryons.

We have discussed how the different mechanisms contribute
to the N! interaction. It turns out that the attraction dominantly
originates from the contact term. Other contributions, the η
exchange, correlated two-meson exchange, and box terms with
inelastic channels in the intermediate states, give moderate
attraction. Because we have considered all conventional mech-
anisms at the hadronic level, the discussion at the quark-gluon
level would be necessary to clarify the origin of the N!
attraction. Although the elimination of the inelastic channels
induces the energy dependence of the single-channel N!
interaction, the energy dependence has been found to be less
than 1% in the energy region 50 MeV above and below
the threshold. We have found that the contribution from the
D-wave N! states to the N!(5S2) interaction is negligible as
well. These results justify constructing a single-channel N!
potential in S wave in the HAL QCD analysis [30,31].

We have constructed an equivalent local N!(5S2) potential,
which will be useful to applications to few-body systems, such
as possible ! nuclei generated by the attractive N! interaction.
To avoid the S-wave decays which would bring a large decay
width, it is essential to align the spins of ! and nucleons
to the same direction so that the N! system couples to the
"# and $# decay modes only in D wave. In this sense,

015205-12

- 崩壊チャンネルの効果は小さい

KAI-WEN LI, TETSUO HYODO, AND LI-SHENG GENG PHYSICAL REVIEW C 98, 065203 (2018)

FIG. 6. Inverse of the 1S0 scattering length of the I = 0 !N

channel as a function of the pion mass.

for t = 10 when extrapolated to the physical region, which
corresponds to the disappearance of the quasibound state in
the !N system. Im (i/a!N ) < 0 indicates that the pole is in
the second Riemann sheet of the !N channel, which is not the
most adjacent sheet to the physical scattering axis, and hence
the structure is not directly visible in observables. While for
t = 11 and 12, the trend is the opposite. In both cases, the
imaginary part of i/a!N increases, and a quasibound state
appears in the physical region. Especially for t = 12, the scale
of the movement is relatively larger compared with the other
three cases. Such a behavior originates from the values of
the LECs with t = 12, e.g., the magnitudes of Ĉ""

1S0 and C4"
1S0

are larger than those with t = 9–11, as shown in Table II. In
this way, the fate of the quasibound state in the extrapolation
procedure is very sensitive. Even small changes of the inverse
scattering length at mπ = 146 MeV can result in completely
different behavior at the physical point.

The above calculations are performed in the isospin basis,
where it is a ""-!N -## coupled channel with a common
baryon mass being used for each isospin multiplet. If we
consider isospin symmetry-breaking effects in the baryon
masses, we should calculate them in the ""-!0n-!−p-#0"-
#0#0-#−#+ coupled channels. In Fig. 7 we compare the ""
1S0 phase shifts obtained with or without isospin symmetry for
the baryon masses. Note that with the physical baryon masses,
the threshold energy of !0n is different from that of !−p, and
there appear two threshold cusps around Ec.m. ≈ 25 MeV. It
can be seen that those sharp resonant states have disappeared
if the isospin symmetry-breaking effects are included. Only
for the t = 12 case does the resonant state appear at the !0n
threshold, which corresponds to a quasibound state of the !0n
system.

We summarize the different scenarios for the existence of
a !N bound state in Table IV. The results are based on the
fits to the central values of the lattice QCD data. It can be
seen that the quasibound state in the !N system is extremely
sensitive to the lattice QCD data fitted, to the pion mass, and
to the isospin symmetry-breaking effects. We note that the
strong sensitivity of the behavior of the phase shift around the
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FIG. 7. "" 1S0 phase shifts with isospin-averaged baryon
masses (a) and with physical baryon masses (b).

!N threshold with respect to the isospin symmetry-breaking
effect was also discussed in Ref. [38]. However, the ""
scattering length remains almost the same with or without
isospin symmetry-breaking effects taken into account.

In our study, we have also taken into account the statistical
errors of the lattice QCD results. In principle, the lattice QCD
simulations are more reliable as the time t increases, but
the uncertainties increase as well. To balance reliability and
accuracy, we chose the case of t = 10 to study the extrapola-
tions taking into account uncertainties. The previous fits were
performed using the central values of the !N lattice QCD
phase shifts with 32 ! Ec.m. ! 32.8 MeV. We have also fitted
to the upper bound and lower bound of the lattice QCD results
of the !N channel.3 The near-threshold !N phase shifts at
mπ = 146 MeV, at the physical point and the extrapolations
of i/a!N for all the three cases are shown in Fig. 8. These
results show that as the !N 1S0 phase shifts at mπ = 146 MeV
decrease, the slope of the trajectories with the extrapolation
becomes smaller. In particular, if we use the lower bound of
the !N lattice QCD phase shifts at t = 10, the quasibound
state survives in the physical region.

3Please refer to Fig. 2(b) of Ref. [2].

065203-6

共変的カイラル摂動論による� バリオン間相互作用S = − 2
K.W. Li, T. Hyodo, L.S. Geng, Phys. Rev. C 98, 065203 (2018)

- 格子QCDと� の実験をfitS = − 1
- 物理点への外挿
- アイソスピン対称性の破れの重要性
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導入

QCDとカイラル対称性

カイラル摂動論

まとめ

目次

目次

- 核子を含む理論への拡張と核力
- 理論の構成方法

- 対称性とその役割
- カイラル対称性とハドロン物理
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量子力学の対称性
QCDとカイラル対称性

例）中心力ポテンシャル

- 特定の方向がない：回転対称性 �SO(3)
V(r) = V( |r | )

回転対称性の帰結
- 角運動量 �  が保存ℓ
- エネルギーは磁気量子数 �  に依らないm
- �  個の固有状態が縮退2ℓ + 1

対称性：物理系（ハミルトニアン）を不変に保つ変換
- 理論が解けなくても分かる性質がある
- 既知の情報から予言ができる

八木浩輔「原子核物理学」（朝倉書店）
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破れた対称性
対称性の（explicitな）破れ
- � 方向に強さ �  の外部磁場をかける（ゼーマン効果）z B

Ĥ = Ĥcentral +
eB
2me

L̂z

- � 軸が特別な方向：ハミルトニアンが回転対称性を破るz

QCDとカイラル対称性

- エネルギーが磁気量子数 �  に依存し縮退が解けるm

破れた対称性の帰結
- 縮退度 �  個に準位が分裂2ℓ + 1
- 準位分裂は等間隔で �  に比例B

対称性とその破れから予言ができる エ
ネ
ル
ギ
ー

 B = 0  B ≠ 0

 m = + 1

 m = − 1

�m = 0
�μBB

�μBB

�ℓ = 1
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QCDの対称性と破れ
フレーバー� 対称性SU(3)

QCDとカイラル対称性

- � クォークを入れ替えるQCDの対称性u, d, s
- � クォークが �  に比べ重い：対称性の破れs u, d

対称性が厳密な場合
- ハドロンの � 多重項（� ）が縮退SU(3) 8, 10, ⋯

- � から� が予言できるΔ, Σ*, Ξ* Ω

- Gell-Mann大久保の質量公式
対称性が破れた場合：縮退が解ける

M(I, Y ) = a + bY + c [I(I + 1) −
Y2

4 ]
坂井典佑「素粒子物理学」（培風館）
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自発的対称性の破れ
自発的対称性の破れ（spontaneous symmetry breaking）

QCDとカイラル対称性

- ハミルトニアンの対称性を固有状態が破る

例：強磁性体（格子点上のスピン系、� ）J > 0

Ĥ = − J∑
⟨i,j⟩

̂si ⋅ ̂sj = − J∑
⟨i,j⟩

( ̂sx,i ̂sx,j + ̂sy,i ̂sy,j + ̂sz,i ̂sz,j)

- ハミルトニアンには特定の方向がない：回転対称性 �SO(3)

- 隣り合うスピンの向きが揃う方がエネルギーが低い

⟨⋯ ↑ ↑ ⋯ | Ĥ |⋯ ↑ ↑ ⋯⟩ < ⟨⋯ ↑ ↓ ⋯ | Ĥ |⋯ ↑ ↓ ⋯⟩

- （低温の）基底状態は全てのスピンが揃った状態
   スピンが揃う方向が特定、状態によって回転対称性が破れる
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秩序変数
秩序変数（order parameter）

QCDとカイラル対称性

- 対称性の自発的破れを特徴付ける期待値

M = ⟨0 |∑
i

̂sz,i |0⟩

- 磁化：各スピンの � 方向成分の期待値の和z

高温：熱揺らぎが大きくスピンはランダムな方向を向く
M = 0

低温：熱揺らぎが小さくスピンが揃う
M ≠ 0

秩序変数の値で自発的破れの度合いが判定できる

- 演算子�  は回転対称性を破る∑i ̂sz,i

基底状態
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QCDとアイソスピン対称性
QCDラグランジアン（� ）mu = md ≡ m

ℒQCD = q̄(iγμDμ)q − mq̄q + (gluon)

- クォーク場
運動項 質量項

q = (u
d), q̄ = (ū d̄)

QCDとカイラル対称性

フレーバー� 変換（アイソスピン変換）SU(2)
q → Uq, q̄ → q̄U†

�  ユニタリー行列、�2 × 2 UU† = 1

� は� 対称性を持つ：ℒQCD SU(2) q̄q → q̄U†Uq = q̄q
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カイラル変換
クォーク場を右巻き �  と左巻き �  に分解qR qL

q = qL + qR, q̄ = q̄L + q̄R

QCDとカイラル対称性

質量項：右巻きと左巻きが混ざる −mq̄LqR − mq̄RqL

- カイラル対称性を破る q̄LqR → q̄LL†RqR ≠ q̄LqR

q̄L(iγμDμ)qL + q̄R(iγμDμ)qR

- カイラル変換で不変（カイラル対称性がある）

運動項：右巻きと左巻きが独立

- カイラル � 変換SU(2)R ⊗ SU(2)L
qL → LqL, qR → RqR, q̄L → q̄LL†, q̄R → q̄RR†

�  ユニタリー行列、�2 × 2 LL† = RR† = 1
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カイラル対称性と自発的破れ
QCDとカイラル対称性

� クォーク質量はハドロンスケールに比べて十分小さいu, d

—> QCDラグランジアンは近似的にカイラル対称性を持つ
—> 近似的に質量項がないものとみなせる

カイラル対称性はQCD真空によって自発的に破れている

自発的破れの秩序変数：カイラル凝縮
⟨q̄q⟩ ≡ ⟨0 | q̄q |0⟩

- � ：QCD真空（場の理論の基底状態）|0⟩

- 様々な証拠から �  であることが知られている⟨q̄q⟩ ≠ 0
- 演算子 �  は対称性を破るq̄q = q̄LqR + q̄RqL
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カイラル対称性の自発的破れの帰結
QCDとカイラル対称性

構成子クォーク質量の生成
M = m + C⟨q̄q⟩

- � ：カレントクォーク質量、数MeVm
- � ：構成子クォーク質量、約300 MeVM
- ハドロン質量のほとんどは �  によって生成される⟨q̄q⟩

MN ∼ 3M ≫ 3m

南部ゴールドストーン（NG）ボソンの出現
- 自発的破れに伴う無質量粒子
- � 中間子：他のハドロンに比べて軽いπ

mπ ∼ 140 MeV, mρ ∼ 770 MeV, MN ∼ 940 MeV
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低エネルギー定理
QCDとカイラル対称性

低エネルギー定理

- カレント代数の方法を用いて導出された

Gell-Mann Oaks Renner 関係式

m2
π f 2

π = − m⟨q̄q⟩ + ⋯

- � 質量がクォーク質量、カイラル凝縮、 � 崩壊定数 �  で決まるπ π fπ

- カイラル対称性が支配する物理量の関係式

Weinberg-Tomozawa 定理

- � 散乱長、� 散乱長などが �  で決まるππ πN fπ

a ∝
1
f 2

π (I(I + 1) −
11
4 ) + ⋯
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導入

QCDとカイラル対称性

カイラル摂動論

まとめ

目次

目次

- 核子を含む理論への拡張と核力
- 理論の構成方法

- 対称性とその役割
- カイラル対称性とハドロン物理
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有効場の理論
カイラル摂動論

有効場の理論（Effective field theory）
- 微視的理論の低エネルギー現象（ � ）を記述するp ≪ Λ
- 微視的理論の対称性を尊重して構成
- 短距離の物理（ � ）は低エネルギー定数で表現されるr ≪ 1/Λ

- � ゲージ対称性、ローレンツ対称性、パリティ対称性U(1)
- 光子のみの有効場の理論、 � で有効E ≪ Λ = me

ℒEH = −
1
4

FμνFμν+c1(FμνFμν)2 + c2(FμνF̃μν)2 + ⋯

例）QEDとEuler-Heisenberg作用

ℒQED = −
1
4

FμνFμν + ψ̄e(iγμDμ−me)ψe

- 光子と電子の微視的理論
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カイラル摂動論
カイラル摂動論

カイラル摂動論（Chiral Perturbation theory、ChPT）
- 原理の確立

1) 有効ラグランジアンを作る

3) 次数毎にくりこみを行う

- 実際の応用
S. Weinberg, Physica A 96, 327 (1979)

J. Gasser, H. Leutwyler, Nucl. Phys. B 250, 465 (1985), …

理論の構成方法（まずは �  のみ）π

2) ファインマン図のパワーカウンティング

4) 低エネルギー定数を決定する
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有効ラグランジアンの構成
カイラル摂動論

対称性の尊重
- QCDでのクォークのカイラル変換：�(R, L)
- � での� 場の変換性を決定（非線形表現）(R, L) π
- 変換の下で不変な最も一般的なラグランジアン：無限個の項

- 微分の数が少ない項が低エネルギーで支配的

低エネルギー展開

ℒπ
ChPT = ℒ(2)(π) + ℒ(4)(π) + ℒ(6)(π) + ⋯

- ラグランジアンの微分 ~ ファインマン図の運動量

� の現象は有限項のラグランジアンで記述されるp ≪ Λ
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ファインマン図とパワーカウンティング
カイラル摂動論

ファインマン図の部品がラグランジアンで与えられる

,
(2)

,
(4)

, · · ·
<latexit sha1_base64="S6PV7ku0RXFdGPcUC/boe0o/x1E="></latexit>

任意の過程に寄与するファインマン図は無限個

=
(2)

+
(4)

+
(2) (2)

+ · · ·
<latexit sha1_base64="YMuyBIM9NYZZQvpFvWhU8/b3wAc="></latexit>

LO（Leading order、� ）𝒪(p2)

NLO（Next to leading order、� ）𝒪(p4)

ファインマン図のカウンティング：有限個の図による摂動計算
- LOが低エネルギー定理、高次項はその補正
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くりこみ可能性
カイラル摂動論

くりこみの手続き
- ループ積分は一般に紫外発散する

- カットオフ � を導入し有限にする（regularization）μ

- 同じ次数の低エネルギー定数に � 依存性を導入μ

� のみのカイラル摂動論の場合π

—> 観測量が� 非依存にできる（くりこめる）μ

T = Li(μ) + I(μ)

次数毎で（order by order）くりこみ可能

- 次数毎に現れる発散に対応した低エネルギー定数が存在
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低エネルギー定数
カイラル摂動論

低エネルギー定数
- くりこみ後、何らかの実験データと比較して決定
- 摂動の次数をあげると数が増える

摂動の次数の低エネルギー定数より多くのデータが必要

同じ定数が様々な過程に寄与：一度決めたら他を予言できる

- �  の弱崩壊で決定π

例）崩壊定数 �fπ

- Weinberg-Tomozawa定理で散乱長を予言

２個 １２個 ９４個
ℒπ

ChPT = ℒ(2)(π) + ℒ(4)(π) + ℒ(6)(π) + ⋯
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核子場
カイラル摂動論

核子場 �  の導入N

- � での �  の変換性を決定（非線形表現）(R, L) N
- 変換の下で不変な最も一般的なラグランジアンを作る
- 核子数は保存量なので、核子数毎にラグランジアンを構成

核子数１の系の低エネルギー展開

- 微分の数が少ない項が低エネルギーで支配的

- 奇数次項が許される（ � があるため）γμ

ℒπN
ChPT = ℒ(1)(π, N ) + ℒ(2)(π, N ) + ℒ(3)(π, N ) + ⋯
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核子を含むChPT
カイラル摂動論

問題点1：核子のエネルギーと運動量に差が生じる

- 非相対論極限からの展開（Heavy baryon ChPT）
- 共変性を保って定式化（Infrared Regularization, EOMS）

解決方法

- �  ：� 、�  ：�π ( m2
π + p2, p) N ( M2

N + p2, p)

 � クォーク質量、小さい∝ �  自発的破れ、小さくない∝

- 運動量が小さくても核子のエネルギーは小さくない

問題点2：高次の頂点を用いたループが低次の発散を出す

- くりこみが破綻
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核力の記述
カイラル摂動論

核子数２の系

ℒNN
ChPT = ℒ(0)(N ) + ℒ(2)(N ) + ℒ(4)(N ) + ⋯

the nuclear Hamiltonian we are finally interested in. The
derivation of the nuclear potentials from field theory is
an old and extensively studied problem in nuclear phys-
ics. Different approaches have been developed in the
1950s of the last century in the context of the so-called
meson theory of nuclear forces !see, e.g., Phillips "1959#$.
In the modern framework of chiral EFT, the most fre-
quently used methods besides the already mentioned
time-ordered perturbation theory are the ones based on
S matrix and the unitary transformation. In the former
scheme, the nuclear potential is defined through match-
ing the amplitude to the iterated Lippmann-Schwinger
equation "Kaiser et al., 1997#. In the second approach,
the potential is obtained by applying an appropriately
chosen unitary transformation to the underlying pion-
nucleon Hamiltonian which eliminates the coupling be-
tween the purely nucleonic Fock space states and the
ones which contain pions !see Epelbaum et al. "1998b#
for more details$. We stress that both methods lead to
energy-independent interactions as opposed by the ones
obtained in time-ordered perturbation theory. The en-
ergy independence of the potential is a welcome feature
which enables applications to three- and more-nucleon
systems.

We are now in the position to discuss the structure of
the nuclear force at lowest orders of the chiral expan-
sion. The leading-order "LO# contribution results, ac-
cording to Eq. "2.8#, from two-nucleon tree diagrams
constructed from the Lagrangian of lowest dimension
!i=0, L"0#, which has the following form in the heavy-
baryon formulation "Jenkins and Manohar, 1991; Ber-
nard et al., 1992#:

L"
"0# =

F2

4
%!#U!#U†+ $+& ,

L"N
"0# = N̄"iv · D + g̊Au· S#N ,

LNN
"0# = − 1

2CS"N̄N#"N̄N# + 2CT"N̄SN# · "N̄SN# , "2.9#

where N, v#, and S#'"1/2#i%5&#'v' denote the large
component of the nucleon field, the nucleon four-
velocity, and the covariant spin vector, respectively. The
brackets %¯& denote traces in the flavor space while F
and g!A refer to the chiral-limit values of the pion decay
and the nucleon axial vector coupling constants. The
low-energy constants "LECs# CS and CT determine the
strength of the leading NN short-range interaction. Fur-
ther, the unitary 2( 2 matrix U"!#=u2"!# in the flavor
space collects the pion fields,

U"!# = 1 +
i
F

" · ! −
1

2F2!2 + O""3# , "2.10#

where )i denotes the isospin Pauli matrix. The covariant
derivatives of the nucleon and pion fields are defined via
D#="#+ !u†,"#u$ /2 and u#= i"u†"#u−u"#u†#. The quan-
tity $+=u†$u†+u$†uwith $=2BM involves the explicit
chiral symmetry breaking due to the finite light quark
masses, M=diag"mu,md#. The constant B is related to

the value of the scalar quark condensate in the chiral
limit, %0 (ūu(0&=−F2B, and relates the pion mass M" to
the quark mass mqvia M"

2 =2Bmq+O"mq
2#. For more de-

tails on the notation and the complete expressions for
the pion-nucleon Lagrangian including up to four
derivatives/M" insertions see Fettes et al. "2000#. Ex-
panding the effective Lagrangian in Eqs. "2.9# in powers
of the pion fields one can easily verify that the only pos-
sible connected two-nucleon tree diagrams are the one-
pion exchange and the contact one "see the first line in
Fig. 12#, yielding the following potential in the two-
nucleon center-of-mass system "CMS#:

VNN
"0# = −

gA
2

4F"
2

&! 1 · q!&! 2 · q!
q!2 + M"

2 "1 · "2 + CS + CT&! 1 · &! 2,

"2.11#

where the superscript of VNN denotes the chiral order ',
&i are the Pauli spin matrices, q! =p! −p! is the nucleon
momentum transfer, and p! "p!!# refers to initial "final#
nucleon momenta in the CMS. Further, F"=92.4 MeV
and gA=1.267 denote the pion decay and the nucleon
axial coupling constants, respectively.

The first corrections to the LO result are suppressed
by two powers of the low-momentum scale. The absence
of the contributions at order '=1 can be traced back to

Leading order

Next−to−next−to−next−to−leading order

Next−to−leading order

Next−to−next−to−leading order

FIG. 12. Chiral expansion of the two-nucleon force up to next-
to-next-to-next-to-leading order "N3LO#. Solid dots, filled
circles, squares, and diamonds denote vertices with !i=0, 1, 2,
and 3, respectively. Only irreducible contributions of the dia-
grams are taken in to account as explained in the text.

1786 Epelbaum, Hammer, and Meißner: Modern theory of nuclear forces

Rev. Mod. Phys., Vol. 81, No. 4, October–December 2009

- カウンティングを整理し、 � と合わせるとℒπ
ChPT, ℒπN

ChPT

E. Epelbaum, H.W. Hammer, U.G. Meissner, Rev. Mod. Phys. 81, 1773 (2008)
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核力の記述
カイラル摂動論

摂動計算の問題点：束縛状態（重陽子）が記述できない
N

∑
n=0

xn = 1 + x + ⋯ + xN

∞

∑
n=0

xn = 1 + x + ⋯ =
1

1 − x

有限項の和は� の正則関数x

無限級数の和は極を持つ

束縛状態を記述するにはある種の図を無限個足す必要がある
- Lippmann-Schwinger方程式（再総和）

powers of the typical momentum k divided by Mhigh.
Since the NN scattering lengths are large this theory has
a very limited range of applicability. It is therefore useful
to construct another EFT with short-range interactions
that resums the interactions generating the large scatter-
ing length. This so-called pionless EFT can be under-
stood as an expansion around the limit of infinite scat-
tering length or equivalently around threshold bound
states. Its breakdown scale is set by one-pion exchange,
Mhigh!M!, while Mlow!1/a!k. For momenta k of the
order of the pion mass M!, pion exchange becomes a
long-range interaction and has to be treated explicitly.
This leads to the chiral EFT whose breakdown scale
Mhigh is set by the chiral symmetry breaking scale "# and
will be discussed in detail below.

The pionless theory relies only on the large scattering
length and is independent of the mechanism responsible
for it. It is very general and can be applied in systems
ranging from ultracold atoms to nuclear and particle
physics. It is therefore ideally suited to unravel universal
phenomena driven by the large scattering length such as
limit cycle physics "Braaten and Hammer, 2003; Mohr et
al., 2006# and the Efimov effect "Efimov, 1970#. For re-
cent reviews of applications to the physics of ultracold
atoms, see Braaten and Hammer "2006, 2007#. Here we
consider applications of this theory in nuclear physics.

The pionless EFT is designed to reproduce the well
known effective range expansion. The leading-order La-
grangian can be written as

L = N†$i!0 +
"! 2

2m
%N − C0

t "NT$2%i%2N#† "NT$2%i%2N#

− C0
s"NT%2$a$2N#† "NT%2$a$2N# + ¯ , "2.1#

where the dots represent higher-order terms suppressed
by derivatives and more nucleon fields. The Pauli matri-
ces %i "$a# operate in spin "isospin# space. The contact
terms proportional to C0

t "C0
s# correspond to two-

nucleon interactions in the 3S1 "1S0# NN channels. Their
renormalized values are related to the corresponding
large scattering lengths at and as in the spin-triplet and
spin-singlet channels, respectively. The exact relation, of
course, depends on the renormalization scheme. Various
schemes can be used, such as a momentum cutoff or
dimensional regularization. Convenient schemes that
have a manifest power counting at the level of individual
diagrams are dimensional regularization with power di-
vergence subtraction "PDS#, where poles in two and
three spatial dimensions are subtracted "Kaplan et al.,
1998b#, or momentum subtraction schemes as in Gegelia
"1998#. However, a simple momentum cutoff can be used
as well.

Since the scattering lengths are set by the low-
momentum scale a!1/Mlow, the leading contact interac-
tions have to be resummed to all orders "Kaplan et al.,
1998b; van Kolck, 1999#. The nucleon-nucleon scattering
amplitude in the 3S1 "1S0# channels is obtained by sum-
ming the so-called bubble diagrams with the C0

t "C0
s# in-

teractions shown in Fig. 5. This summation gives the ex-
act solution of the Lippmann-Schwinger equation for
the C0

t or C0
s interactions. Higher-order derivative terms

which are not shown explicitly in Eq. "2.1# reproduce
higher-order terms in the effective range expansion.
Since these terms are natural and their size is set by
Mhigh, their contribution at low energies is suppressed by
powers of Mlow/Mhigh and can be treated in perturbation
theory. The subleading correction is given by the effec-
tive range r0!1/Mhigh and the corresponding diagrams
are illustrated in Fig. 6. The renormalized S-wave scat-
tering amplitude to next-to-leading-order in a given
channel then takes the form

T2"k# =
4!

m
1

− 1/a − ik&1 −
r0k2/2

− 1/a − ik
+ ¯', "2.2#

where k is the relative momentum of the nucleons and
the dots indicate corrections of order "Mlow/Mhigh#2 for
typical momenta k!Mlow. The pionless EFT becomes
very useful in the two-nucleon sector when external cur-
rents are considered and has been applied to a variety
of electroweak processes. These calculations are re-
viewed in detail in Beane et al. "2000# and Bedaque and
van Kolck "2002#. More recently Christlmeier and
Grießhammer calculated low-energy deuteron electro-
disintegration in the framework of the pionless EFT
"Christlmeier and Grießhammer, 2008#. For the double-
differential cross sections of the d"e ,e!# reaction at &
=180° excellent agreement was found with a recent ex-
periment at S-DALINAC "Ryezayeva et al., 2008#.1 The
double-differential cross section for an incident electron
energy E0=27.8 MeV and &=180° is shown in Fig. 7.
The data were used to precisely map the M1 response
which governs the reaction np→d' relevant to big-bang
nucleosynthesis. Finally, the reaction pp→pp!0 near
threshold was studied in Ando "2007#.

We now proceed to the three-nucleon system. Here it
is convenient to rewrite the theory using so-called
“dimeron” auxiliary fields "Kaplan, 1997#. We need two
dimeron fields, one for each S-wave channel: "i# a field ti
with spin "isospin# 1 "0# representing two nucleons inter-
acting in the 3S1 channel "the deuteron# and "ii# a field sa
with spin "isospin# 0 "1# representing two nucleons inter-
acting in the 1S0 channel "Bedaque et al., 2000#,

1However, there is a disagreement between theory and data
for the small longitudinal-transverse interference contribution
%LT reported in von Neumann-Cosel et al. "2002# that is cur-
rently not understood "Christlmeier and Grießhammer, 2008#.

FIG. 5. The bubble diagrams with the contact interaction C0
t or

C0
s contributing to the two-nucleon scattering amplitude.

1781Epelbaum, Hammer, and Meißner: Modern theory of nuclear forces

Rev. Mod. Phys., Vol. 81, No. 4, October–December 2009

c.f.) 摂動計算とシュレディンガー方程式の厳密解

- 結合定数が小さくないことに対応
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カイラルEFT
カイラル摂動論

再総和の方法
- カイラル摂動論を用いてポテンシャル �  を導出V

くりこみについて
- ポテンシャル �  は次数ごとにくりこみ可能V
- LS方程式のカットオフ依存性は残る —> 理論の不定性

V = VLO + VNLO + VN2LO + ⋯

- �  をLS方程式に代入し散乱振幅 �  を決定V T
T = V + VGT

= V + VGV + VGVGV + ⋯

ループ、カットオフを含む
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３体力
カイラル摂動論

核子数３の系

!see also Coon and Friar "1986# and Eden and Gari
"1996#$. Consequently, there is no 3NF at NLO in the
chiral expansion.

The contributions at N2LO involve one-loop diagrams
with one insertion of the subleading vertices of dimen-
sion !i=1 "see Fig. 12#. The corresponding Lagrangians
read

L"N
"1# = N̄%c1&#+' + c2"v · u#2 + c3u · u

+ c4!S$,S%$u$u% + c5&#̂+'(N ,

L"NN
"1# =

D
2

"N̄N#"N̄S· uN# , "2.17#

where #̂+)#+− &#+' /2 and D, ci are the LECs. The
1"-exchange loop diagram again only lead to renormal-
ization of the corresponding LECs. Similarly, the contri-
bution from the last diagram which involves the two-
nucleon contact interaction can be absorbed into a
redefinition of the LECs CS,T and Ci in Eqs. "2.11# and
"2.14# "provided one is not interested in the quark mass
dependence of the nuclear force#. Further, the football
diagram yields vanishing contribution due to the anti-

symmetric "with respect to pion isospin quantum num-
bers# nature of the Weinberg-Tomozawa vertex. Thus,
the only nonvanishing contribution at this order results
from the 2"-exchange triangle diagram,

VNN
"3# = −

3gA
2

16"F"
4!2M"

2 "2c1 − c3# − c3q!2$

& "2M"
2 + q!2#A'̃"q # −

gA
2 c4

32"F"
4!1 · !2"4M"

2

+ q 2#A'̃"q #"(! 1 · q!(! 2 · q! − q!2(! 1 · (! 2# , "2.18#

where the loop function A'̃"q # is given by

A'̃"q # = )"'̃ − 2M"#
1

2q
arctan

q "'̃ − 2M"#

q 2 + 2'̃M"

. "2.19#

In DR, the expression for A"q # takes the following
simple form:

A"q # ) lim
'̃→*

A'̃"q # =
1

2q
arctan

q
2M"

. "2.20#

Notice that the triangle diagram also generates short-
range contributions which may be absorbed into redefi-
nition of contact interactions. The isoscalar central con-
tribution proportional to the LEC c3 is attractive and
very strong. It is by far the strongest two-pion exchange
contribution and reaches a few tens of MeV "depending
on the choice of regularization# at internucleon distances
of the order +*M"

−1. The origin of the unnaturally
strong subleading 2"-exchange contributions can be
traced back to the "numerically# large values of the
LECs c3,4and is well understood in terms of resonance
exchange related to ! excitation "Bernard et al., 1997#.
We return to this issue in Sec. II.D where the chiral EFT
formulation with explicit ! degrees of freedom will be
discussed. The central 2"-exchange potential was also
calculated in Robilotta "2001# using the infrared-
regularized version of chiral EFT which enables one to
sum up a certain class of relativistic corrections "Becher
and Leutwyler, 1999#. He found that the results in the
heavy-baryon limit overestimate the ones obtained using
infrared regularization by about 25% !see also Epel-
baum "2006a# for a related discussion$. Last but not
least, the chiral 2"-exchange potential up to N2LO has
been tested in the Nijmegen partial wave analysis
"PWA# of both proton-proton and neutron-proton data
"Rentmeester et al., 1999, 2003# where also an attempt
has been done to determine the values of the LECs c3,4.
As demonstrated in these studies, the representation of
the "strong# long-range interaction based on the combi-
nation of the 1"- and the chiral 2"-exchange potentials
rather than on the pure 1"-exchange potential allows
one to considerably reduce the number of phenomeno-
logical parameters entering the energy-dependent
boundary conditions which are needed to parametrize
the missing short- and medium-range interactions. Also
the extracted values of the LECs c3,4agree reasonably
well with various determinations in the pion-nucleon

Next−to−leading order

Next−to−next−to−leading order

Next−to−next−to−next−to−leading order

FIG. 13. "Color online# Chiral expansion of the three-nucleon
force up to N3LO. Diagrams in the first line "NLO# yield van-
ishing contributions to the 3NF if one uses energy-independent
formulations as explained in the text. The five topologies at
N3LO involve the two-pion exchange, one-pion-two-pion-
exchange, ring, contact-one-pion exchange, and contact-two-
pion-exchange diagrams in order. Shaded blobs represent the
corresponding amplitudes. For remaining notation see Fig. 12.
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- ２体力と同じ枠組みで計算可能

—> ２体力のoff-shell成分とキャンセル

- ３体力はN2LOから始まる（２体力はLO）
—> 核力の主要な部分は２体力

- ４体力、５体力はさらにsuppressされる
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カイラル対称性と自発的破れ

カイラル摂動論、カイラルEFT

まとめ
まとめ

- 低エネルギー定理を自然に満たす枠組み

- 構成子クォーク質量の生成
- 南部ゴールドストーンボソン �  の出現π

- 核力の場合は再総和が必要
- 次数を上げることで精度を向上できる

- 多体力も整合的に取り扱える


